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FINITE ELEMENT APPROXIMATION OF SOME DEGENERATE MONOTONE
QUASILINEAR ELLIPTIC SYSTEMS*

W. B. LIU' AND JOHN W. BARRETT'

Abstract. In this paper we examine the continuous piecewise linear finite element approximation of the following
system: given f = (f;) and g = (g;), find u = (4;) (j = 1 — r withr = 1 or 2) such that

~V.(K(z, Vu@)Vu(z)) =f(z), z€QCR% ulsq =gle,

where (Vu);; = 0u;/9z; 1 <i <2,1 < j <randK is a given matrix on Q x RZ*" We characterize a class of
matrices K for which we prove error bounds for this discretization. For sufficiently regular solutions u, achievable
at least for some model problems, our bounds improve on existing results in the literature. It is shown that for a
notable subclass of K, for which only suboptimal error bounds have been previously derived, the piecewise linear
finite element approximation of this problem will converge at the optimal rate in an energy-type norm. It is also
shown that the techniques used in this paper can be applied to more general problems.
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1. Introduction. Let 2 be a bounded open set in R? with a Lipschitz boundary 9. Let
k(-, -) be a positive and continuous function on €2 x (0, co). Numerous mathematical models
from physical processes (see [1], [2], and [6]) have the following form: given f = (f;) and
g=(gj),findu= (4;) (j =1 — r withr = 1 or 2) such that

(1.1) —V.(k(z, IVu@))Vu(2)) = f(z), z€QCR* ulse =gl

where (Vu);; = 0u;/0z;1 <i < 2,1 < j <r,and|- | denotes the Euclidean norm of a
vector or amatrix. The assumptions on the data f and g will be specified later. When k is smooth
and satisfies the ellipticity and monotonicity conditions given in [11] and [12], there is much
work on its well-posedness. Moreover, optimal error bounds for its finite element approxima-
tion have been established in various norms. For example in the case r = 1, if (see [12])

() (z,x) = k(z, |x])x € C2(2 x R?)?, f € C*() and g € C>*(Q) foraa > 0,

(i1) V,(k(z, |x])x) is a positive definite matrix for any z € Qand x € R?,

(i) [o*k(IVw|)Vw —k(|Vv))Vv, V(w — v)) dQ > Cx Jo IV(w — v)2dS,
for any w,v € W' ®(Q) such that (w — v) € HO’(SZ) and |wllwio) + Ivllwie@ <
X, and furthermore if ¥ € C%>%(Q) and u' (the solution of the deformation equation) is
uniformly bounded in W (), then

lu —u"ll 2y < Ch? and  |lu — u"| e < CH?|Inh|¥?,

where " is the piecewise linear finite element approximation of (1.1) based on a quasi-uniform
triangulation. In addition, one can deduce by an inverse property that ||u — u"|| @ < Ch.
In [11] the deformation argument was developed further and the same results were obtained
for more general systems under weaker assumptions on the data and u.

For many physical models k is degenerate; that is, (1.1) is not uniformly elliptic and
therefore k does not satisfy these conditions (or the more relaxed conditions in [11]); hence
the linearization or deformation procedure used in [11] and [12] cannot be applied at all. A
typical example is the p-Laplacian, where k(t) = t?~2 fora p € (1,2) U (2,00). Such
models arise in fluid mechanics (see [2] and [7]), nonlinear diffusion (see [18]), and nonlinear
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elasticity (see [1] and [19]). For such problems, monotonicity methods play an essential
role in establishing well-posedness and the associated error bounds for its finite element
approximation (see [8]). The well-posedness of (1.1) has been examined for a class of k in the
case r = 1 by monotonicity methods and in addition error bounds in the energy norm have
also been given for the continuous piecewise linear finite element approximation for this class
of k (see [4], [6]-[9], [13], [17], and [22]). Due to the limited regularity of solutions to (1.1)
in general, there is no advantage in considering higher-order finite element spaces. For many
physically interesting problems, most existing bounds are suboptimal, however, (except those
in [4]) and may be very poor for some important cases (for example, k(¢) = ¢~ and p large).
On the other hand, numerical computations indicate that the approximation converges at the
optimal rate even for such cases at least for sufficiently regular solutions (see [4]). This has
been confirmed recently in [4], where optimal error bounds in energy-type norms have been
proved for the p-Laplacian. It is interesting to find whether this sharper error analysis can be
carried out for more general k and how the required regularity on the solution u varies with the
degree of degeneracy in k. It is also interesting to examine the finite element approximation
of degenerate elliptic systems, not only those of type (1.1), known as Uhlenbeck, where the
nonlinearity depends on |Vu|, but also alternative systems, e.g., with » = 1. Given f and g,
find u such that

2
(1.2) — Y k(|0u/9z:)0u/dz) [0z = f  in R, ulse = glag-
i=1

The above has been extensively studied in the case k(¢) = 772, but there is little work on
the finite element error analysis of such problems. We could consider other non-Uhlenbeck
type systems (see Remark 4.3). However, for ease of exposition we will consider only problems
of type (1.1) and (1.2) in this paper. We will first study them abstractly in a unified framework;
later we will see that there are some notable differences between them in obtaining optimal
error bounds.

Letm = 1or2andlet {I(n)} (n =1 — m) be a sequence of positive integers such that
Yo I(n) =2.Lets(0) =0ands(n) =Y I@{)forl <n <m.LetV,,u(n=1-—m)
be the I(n) x r submatrix of Vu, defined by the rows from s(n — 1) + 1 to s(n) of Vu. We
now consider the following system: givenf = (fj) andg = (g;), findu = (u;) j =1—>r
with r = 1 or 2) such that

(1.32) ~V.(K(z, Vu@))Vu(z)) = f(z), z€ QCR’ ulsg = ghe,

where K is the block diagonal matrix:

Ki(z, Vi, 1u(2))
(1.3b) K@iz, Vu(z)) = ( . )
K,(z, Vm.mu(z))
and
(1.3¢) K, (2, Vi nu(2)) = k(Z, [V yu(DEjny forn=1-—m,

where Ej(, is the I(n) x I(n) unit matrix. If m = 1, then I(1) = 2 and V;ju = Vu
so that we recover the system (1.1). If m = 2, then I(1) = I(2) = 1, V,ju = du/dz,
and V,,u = 0u/dz; so we have a system of type (1.2). Clearly the problems studied here
can be formulated in a simpler way since we have restricted ourselves to the case of two
spatial dimensions. The advantages of the above formulation are that it is simple enough to
convey the essential difficulties of the problem and our approach and yet it easily generalises
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to accommodate higher-dimensional or more general cases, e.g., if the k appearing in K,,,
n = 1 — m, is not the same. In fact the results in §§2 and 3 can easily be generalised to
accommodate such cases. Moreover, instead of working with the concrete form (1.3) for K,
one could state some abstract structural conditions on K in order to prove the error bounds in
this paper. Then one only needs to show that (1.1) and (1.2) satisfy these structural conditions.
However, in our opinion this approach does not yield any essential benefit unless one can
state some good general structural conditions which cover a broad class of degenerate elliptic
systems; see Remark 4.3. In addition, we note that it is also important in practice to deal with
systems of the form: find u and p such that

(1.4a) —V.(k(ID@)D) + Vp=f ing,

(1.4b) Vu=0 inQ, ulze = ghe,

where D;j(u) = (1/2)(0u;/dx; + du;/dx;), which arise for example in the mathematical
modeling of non-Newtonian flows. The methods presented in this paper serve as a first step
in studying such systems (see [3] and [5]).

The purpose of this paper is to extend the error analysis in [4] for the p-Laplacian (i.e.,
k(t) = t?~%,r = m = 1) to the more general class of problems (1.3), and in doing so improve
on the best error bounds in the literature [6], where the case r = m = 1 is studied. It is
certainly not a straightforward extension. The first step is to characterise the class of functions
k and this cannot be easily deduced from [6]. The conditions on k should be general enough to
cover the broadest class of problems, but narrow enough to ensure our sharper error analysis
can be applied. In fact, our conditions on k are different from those in [6]. We show how the
error bounds and the required regularity on u for an optimal bound depends on the degree of
degeneracy of k. The extension to degenerate systems of non-Uhlenbeck type also leads to
new difficulties. Furthermore, the analysis in [4] is essentially two-dimensional, whereas the
methods used here are readily adaptable to higher-dimensional and more general degenerate
systems.

The outline of this paper is as follows: In §2 we prove some important inequalities and
give the system (1.3) a variational formulation. In §3 abstract error bounds for the continuous
piecewise linear finite element approximation are established. Finally, in §4 explicit error
bounds in energy type norms are derived.

Throughout this paper, we adopt the standard notation W*4(2) for Sobolev spaces on
© with norm || - |lwwe(e) and semi-norm | - |wva(q), and set H"(Q2) = WY2(2). We note
that the semi-norm | - |y14(q) and the norm || - ||w.¢(q) are equivalent on W(}‘q (2) and this
result is used repeatedly in the paper. In addition, C and M denote two general positive
constants independent of # and z. For notational convenience we will denote k(z, t) and
K.(z,t) (n =1 — m) by k(¢) and K,,(¢) for almost every z € Q.

2. Variational formulation and some inequalities. In addition to assuming that k is a
positive and continuous function on  x (0, 00), we also assume that throughout this paper
there exists a p € (1, oo) such that, for any ¢ > 0,

.0 k)t < C( +tP7.

For ease of exposition, we assume that g is zero. The results can easily be generalized to the
case g # 0. Therefore the problem (1.3) has the following weak formulation:
(WP): FindueV = [Wol’p(Q)]’ = {v e [W'?(Q)] : V|sq = 0} such that

/(K(Vu)Vu, Vv)dQ:f(f, v)dQ VYvey,
Q Q
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where f € V* (the dual space of V) and (., .) denotes either the inner product on R? or on real
I x J matrices, where, for x = (x; ;) and y = (y;,;), we set (x, y) = ij=1 Zi]:, x;,jyi,j and
x> = (x, x).

The following minimization problem is associated with (WP):

(MP): Find u € V such that

Jo(u) = MinyevJa(v),

where

m |Vm,nv|
Jo(v) = ngfo k(t)tdtdQ—/Q(f, v)dS.
n=1

It is simple to check that Jg is well defined and continuous on V since
m
IVv(2))* = Z IVanV(@))P ae. z e Q.
n=1
Furthermore, Jg, is Gateaux differentiable on V with
m
I = 3 [ k1Tt Vot Va2 = [ @912
n=179 Q2

In the following, we always assume that f € L2

In the case r = m = 1 the well-posedness of (WP) and energy-type error bounds for its
finite element approximation have been established for a class of functions £ which do not
generally satisfy the conditions in [11] and [12]. One can refer to, for example, [6]-[9], [13],
[17], and [22]. This class has been most completely characterized in [6]. Furthermore, for
this class of k Jg is strictly convex and coercive on V so that J, has a unique minimizer on
V, which satisfies its Euler equation (WP). In other words the problems (WP) and (MP) are
equivalent in this case. In the following we impose an alternative set of assumptions on k,
which are similar to those in [6], and for this class of functions, we then prove some inequalities
which can be viewed as generalizations of Lemmas 1 and 2 in [6]. These play an essential
role in the establishment of our improved error bounds over those in [6]. Our conditions are
valid in many interesting cases arising in practical problems and appear more convenient to
those in [6] for some applications.

In the following all constants are independent of z € 2. We now state our assumptions
on the function k.

Assumption (A): There exist constants p € (1,2],&,C, M > 0, and ki, k; > O such that

(A1) k(z)/tP~2 < Cforallt > 0,and |k(t)t —k(s)s| < C|t—s|(s+t)P"%forallt,s > 0
such that |s/t — 1] < e.

(A2) (ki +kot>P)n(t) > M, forallt > O where n(t) € d(k(t)t) and 8 (k(¢)t) is Clarke’s
generalized gradient of the function t — k(#)t; see [10].

We note that it follows from (A1) that ¢ — k(¢)¢ is locally Lipschitz on (0, 00) so that
the generalized gradient d(k(¢)z) is well defined for all ¢ > 0.

Assumption (B): There exist constants p € [2, 00), e, C, M > 0, and k;, k, > O such that

(B1) k(t)/(1+1)P~2 < Cforallz > 0, and |k(2)t —k(s)s| < C|t —s|(k; +ka(s +1)P2)
forall t, s > O such that s/t — 1| < e.

(B2) t*~Pn(t) > M for all t > 0, where n(t) € d(k(t)t).

We now are in the position to state the fundamental inequalities.



92 W. B. LIU AND JOHN W. BARRETT

LEMMA 2.1. Let k satisfy (A1) fora p € (1,2]. Thenforanyx,y € R™’/ (I,J > 1) and
6 > 0 we have that

(2.22) lk(IxDx — k(lyDy| < Clx — y|' 2 (x| + [yP~>*.

Let k satisfy (A2) for a p € (1,2]. Thenfor any x,y € R (I,J > 1) and 8§ > O we
have that

(2.2b) k(IxDx = k(IyDy, x — y) = Mlx — yPPP (1 + [x| + [yhP 2.

Proof. We first prove (2.2a). Some ideas similar to those in [4]-[6], [9], and [13] will be
applied. For x, y € R/ let

F(x,y) = [k(xDx —k(IyDyl/ [lx = y1'=° (x| + [yD?~+].

We wish to prove that F is bounded. For T an I x I orthogonal matrix it follows that for all
(x’ y) = RIxJ X RIXJ

(2.3a) F(x,y) = F(y,x), F(Tx,Ty) = F(x,y),
and
(2.3b) F(0,y) <C from (Al).

Therefore without loss of generality we can suppose that x, y s 0, in which case

| [k(xDx/1x1P77 ] = [kAyDy/Iy1P T Ay 1/ 1P~
lx/lx] = y/Ix '8 (1 + |yl/|x])P=2+3

We can further assume from (2.3a) that |y|/|x| < 1. To show that F' is uniformly bounded it is
enough to prove that for any 7 > 0, lim|y|x—x/jx||-y F (¥, ¥) < 00, where 7 can be infinite. It
follows that F (x, y) will be bounded if |y/|x| — x /| x|| does not tend to zero as k(¢)/t?~% < C
for ¢ > 0. Thus it remains to show that ﬁy/m_e_,oF(x, y) < oo with e = x/|x|.

Without loss of generality, assume that there is an &y € (0, min(1, ¢)), where ¢ is the
constant appearing in (A1), such that ||y|/|x| — 1| < &y and hence (|x| + |y|)?> < C|x||y|
because |x|/|y| + [y]/1x] < 14+ &9+ (1 —g9) ™. Then it follows that, since |x||y| — (x, y) <
lx —yI?,

k(1x)x = k(yDyl* = (k(xDlx] = k(UyDIyD? + 2k(xDEUyDxlIy] = (x, »))

< C[Uxl = IyD2Ux] + IyD* P72 + (IxllyDP~%1x — yI*],
< C(Ix| + lyD* P2 |x — y.

F(x,y)=

Consequently, we see that (2.2a) holds with § = 0. In contrast, for any x, y € R’*’/ we have
forany § > O that (|x| + |y)?~2|x — y| < (Ix| + [y])?~>%|x — y|'~?; that is, (2.2a) holds for
any § > 0.

Similarly, we can prove (2.2b). We first consider the case § = 0. In this case (2.2b)
follows directly from the proof of Lemma 2 in [6] if one applies the mean value formula for
the generalized gradient:

k)t —k(s)s =n(t + (1 —A)s)(t —s), wheren(t) € d(k(¢)t) and A € (0, 1).

For any 8 > 0 we have that [x — y|2(1 + |x| + |y[)?~2 > |x — y[*"*(1 + |x| + |y])?~2~? and
0 (2.2b) holds for all § > 0. 0
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LEMMA 2.2. Let k satisfy (B1) for a p € [2, 00). Then for any x, y € R/ (I, J > 1)
and § > 0 we have that

(2.42) k(1% )x = k(IyDyl < Clx = '™ (L+ Ix| + yD? >+,

Let k satisfy (B2) for a p € [2,00). Then forany x, y € R”7 (I,J > 1) and § > 0 we
have that

(2.4b) (k(lxD)x — k(IyDy, x —y) = Mx =y (lx| + [y))P >,

Proof. The proof is similar to that of Lemma 2.1 and therefore we present only an outline
here. First, we note that we need only to prove (2.4) with § = 0, because the results for § > 0
follow as in the proof of Lemma 2.1. Let

F(x,y) = [k(IxDx — k(lyDyl/lx — yI(L+ x| + [yDP72°, (x,y) € RPY x R™.

As before, the key part of the proof is to show that ﬁﬁy J/ixl—e—0F (x, y) < 00, wheree = x/|x|.
We can assume that there is an gy € (0, min(1, €)) such that ||y|/|x| — 1| < &y. Then from
the proof of Lemma 1 in [6] one obtains (2.4a) for § = 0 and hence for all § > 0.

To prove (2.4b) we note that the function t — [k(t)t — Mt”~!/(p — 1)] is increasing from
applying the mean value formula for generalized gradients as used in the proof of Lemma 2.1.
Therefore from the proof of Lemma 2 in [6] we have that

k(jxx — k(yD)y, x — y) = Mi(]x|P72x — |y|P 2y, x — y).

Without loss of generality we can assume that |x| > |y| > 0. Let y = Bx + & with
(§,x) = Osothat |B] < 1as (y,x) = Blx[>. Letu = (|x|”%x — [y|P 2y, x — y) =
|7 + Iy1P = BUxIP2 + [y[PD)Ix>. If 48 < 1, then 2uu > [x|” + |y|” = Malx —
yI2(Ix| + |y[)?~2. On the other hand if 1 < 48 < 4, then u = (1 — B)(|x|?~2 —
DI + 1x — yPIyIP2 = |x — yPyIP2 = Malx — yI2(1x] + [y)P~% as Blx| < |yl.
Therefore, in combining the above results we have that (2.4b) holds for § = 0 and hence for
alls > 0. O

Under similar assumptions, Chow in [6] has proved (2.2a) for § = 2 — p, (2.2b) for
8 =0, (2.4a) for § = 0, and (2.4b) for § = p — 2. With these particular choices of § one can
establish some error bounds for the finite element approximation of (1.1) (see [6], [9], [13],
and [17]). These error bounds, however, are only suboptimal in many important cases. The
above generalizations of the inequalities in [6] are crucial in establishing some optimal error
bounds in such cases.

The following result is useful in checking (A1) and (B1).

PROPOSITION 2.1. Assume that the function t — k(t)t is locally Lipschitz on (0, 00) and
n(t) € 0(k(®)t). Assumption (Al)for p € (1,2]and (B1)for p € [2, o0) are then equivalent to

(A1) In()| < CtP"2forallt > 0.

(B1) ()| < C(ky + katP™2) forall t > 0.

Proof. Ast — k(t)t is locally Lipschitz, it follows that it is differentiable at almost every
point in (0, 0o0). Let ¢y be a such point. From (A1) it follows that (k(#y)#y)’ < Cté’ _2, and from
(B1) that (k(to)tg)’ < C(ky + kzté’ _2). It then follows from Theorem 2.1 in [10] that (A1) and
(B1) imply (A1) and (B1), respectively. One can also easily infer (A1) and (B1) from (A1)
and (B1), respectively, by applying the mean value formula in [10]. 0

Many functions k met in practical problems (e.g., k(t) = t772, k(t) = (1 +1?)P~2/2 and
k(t) = [t(1 +t)]P~2/2) indeed satisfy Assumption (A) or (B). Another interesting example
from fracture mechanics is the function

_ 1 t <1,
(2.5) k() = {t,,_z

t>1, withpe (1,2l
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(see [19] and [20]). This function is Lipschitz but not differentiable on (0, o0). It can be shown
(see [10]) that

1, t <1,
akyy={Ip—-11, =1,
(p—DtP2, t>1.

Consequently, from Proposition 2.1 we see that this k satisfies (A). This example shows that
the introduction of the generalized gradient in our assumptions is not unnecessary.

Adapting the corresponding proofs in [6] one has the following results.

THEOREM 2.1. Let k satisfy (A) or (B). Given f = f; € V* then (MP) = (WP) has a
unique solutionu = u; € V. Furthermore, if p € (1,2]

(2.6a) lug —ually < C L+ [ully + lualvI* 7 [Ify = f2llv-
andif p € [2, )
(2.6b) luy — )y~ < Clify — fally-.

Proof. We first note that for any fixed g > 0 there exist constants C;(q) such that

2.7 Ci Y IVuaV@I S 1W< C Y (Va2 ae. z€ Q.

n=1 n=1

It follows from Lemmas 2.1 and 2.2 that Jg, is a strictly convex and coercive on V and so (MP)
has a unique solution. As (WP) is the Euler equation for (MP), it follows that (MP) = (WP).
The result (2.6a) follows from Lemma 2.1 with § = 0 and noting from a Holder inequality
that

p—2
[l =+ || Vu; ||[Lp(sz)]ZXr -+ ||Vuz||[Lp(Q)]2><r] IvV(u; — u2)”%LP(Q)]2Xr

m
p=2
<Cc)y [[1 + IVttt lizr @y + [ Vimnti2 ey |
n=1

2.8) s
X | Vi, (uy — u2)”[LP(Q)]I(n)xr]

m
<CY [ [+ 1Vl 19000]" 7 1901 = w2,
n=1Y9

The result (2.6b) follows from Lemma 2.2 with § = p — 2 and noting that
m
”V(ll] - u2)”€L[)(Q)]2xr < C ZL |Vm,n(u1 - u2)|p dQ2. o
n=1

3. Finite element approximation and abstract error bounds. In this section we study
the piecewise linear element approximation of (WP). Let Q" be a poly-
gonal approximation to £ with boundary dQ". Let T” be a partitioning of Q" into disjoint
open regular triangles 7, each of maximum diameter bounded above &, so that Q" = U7 T.
We assume that P; € Q" = P, € 9 and dist(dQ", ) < Ch?, where {P;} is the vertex
set associated with the triangulation T".

Associated with T is a finite-dimensional subspace S” of C(Q") such that Xz is linear for
allx € S"andt € T". For ease of exposition we will assume that Q" C Q. Let V" = {x € S"
: x(P;) = 0 forany P; € 3R2}. It follows that V/ C Wol’p(Qh). Let 7, : C(Q") — S" denote
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the interpolation operator such that for any v € C (M), mpv(P,) = v(P;) Vi. In addition
w1 [C(QM)] — [S"] is such that forany v € [C(QM)), myv = (myv1, . . ., T,Y,). We recall
the following standard approximation results: forv =0or 1, ¢, s € [1, 00], and v € W?*(1)
(so that v € C(T)), we have that

(3.1a) [v — vl wraey < CRHYITVIR2 Yyl yas oy VT € T
provided W2 (t) ¢ W"4(z). Furthermore if ¢ > 2, then
(3.1b) v — mpvlwrary < Ch Y ulwiaey YT € T
We now consider the finite element approximation of (WP) = (MP). A possible finite
element approximation of (MP) is the following.
(MP)": Find u" € V" = [V"]" such that
Jon (u") = Mings ey Jon (V).

Equivalently, one can define u” as the unique solution of the following.
(WP)": Find u* € V" such that

m
Z / k(| Vi nt" N (Vo ", Vi V) dQF = [ (£, v")dQ" W' e V*
—1Jh Qh

The well-posedness of (WP)" and (MP)" follows in an analogous way to that of (WP) and (MP).
Furthermore, one can easily establish a discrete analogue of Theorem 2.1. This especially
means that for all 4

(3.2) "l {wipmyy < C.

Below we establish some abstract error bounds for this approximation. One of the key ideas
in our approach is that by using the Lemmas 2.1 and 2.2 we first prove abstract error bounds
in a “weighted Sobolev norm,” which naturally arises from these degenerate systems.

Let u be the solution of (WP); then we define for any v € [W!7(£2)]” and for any 6 > —2

m
—2-5
M2, = /Q (1%l V1] (VP a2
n=1
The above is well defined for all v € [W1-?(Q)] since u € [W1P(Q)] and

m
—2-8 248
VI, 5 <) / 1Vt 4 V¥l ] (19t [V ¥1] T a2
n=19%
< cf [IVu| + [Vv]]” dQ".
Qh

It can be shown that |[v||%p’ 5 is related to a class of quasi-norms. This fact can be very useful,
although it is not exploited in this paper.

In establishing these abstract error bounds, it is useful to exploit the fact that k may
satisfy (A) not only for a particular p € (1, 2], but also (A1) with p = p* fora p* € [p, 2].
Similarly, £ may satisfy (B) not only for a particular p € [2, o0), but also (B2) with p = p~
fora p~ € [2, p]. We note that a similar idea has been independently applied in [7] on a
particular nondegenerate problem with p € (1,2] and p* = 2.
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Example 3.1. Consider for example k(t) = [t*(1 + t)1"®]P~2 with p € (1, 0o0) and
w € [0,1]. If p € (1, 2] then k not only satisfies (A), but also (A1) for any p* € [p, (1 —
w)2 + wppl. Similarly, if p € [2, co) then k not only satisfies (B), but also (B2) for any
p~ € [(1 — w2+ up, pl. Clearly for the p-Laplacian, u = 1, there is no flexibility in the
choice of p* and p~. However, for u € [0, 1) there is flexibility and this will play a crucial
role in proving optimal error bounds under minimum regularity requirements.

We can state our abstract error bounds in the following way.

THEOREM 3.1. Let u and " be the unique solutions of (WP) and (WP)"; then for any
v € V" we have the following.

If k satisfies (A) fora p € (1,2] and (Al) for a p™ € [p,2] and ifu € [(WLPT(Q)] then
for any 8, € (—2,0]

33) = 0"y gy < Cllu— V1%, 5.

If k satisfies (B) for a p € [2, 00) and (B2) for a p~ € [2, p] then for any §; > 0
(3.42) =t 12, ) < CUVE @)l = V' Py
and if in addition w € [W'(Q)1" and ||V ||jw1.x@n)y < C, then for any q € [1, 2]
(3.4b) R PR of [

Proof. This proof is similar to that of Theorem 2.1 in [4]. For any v € V"

1
Jon (V") — Jgn(u) = f o+ s(vV" —u)(v* —u)ds
0

1
= / [Jor @+ s(v" —u)(u+s(v" —u) —u)
0

— Jp @+ s —u) —w)] s ds + Jo (v —u)
= A(Vh) + ng)h (u)(vh —-u),

where

m 1
AWV = Zfo /gh A, (VM) dQ" ds
n=1

and
Ay (V) = (Vi@ + SOV =) )V (@ + sV — 1))
= k(IVm 1) Vi g, Vi o (V= ).

From (MP)" we have that

35) AW + J5 )" — ) < Jon (") — Jor () < Jon (V) — Jon (u)
= AWM + Jo (V" — u).
Therefore we have that
(3.6) A@") < AWV + T (v —uh).
On the other hand, —V.(K (Vu)Vu) = f € [L*(Q)]" on Q and Q" C Q, yielding that

(3.7 Joym)(v* —u") =0  andhence  A") < A" W € V.
Q
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If p € (1, 2], it follows from (2.2a) that for all § € [0, 2)

m 1 +
A =€y [517 [[0na Tntus —wp]
n=1 g

X |V (V" — )72 d" ds
(3.8)

m
248 B

= CZ/h [|Vm,nll| + IVm,,,(Vh — u)|]p + |Vm,n(Vh _ u)|2 5 JQh
n=1YJ%

= B2

=Clu—v ”(p+,_5),

where we have noted that, for all v, vo,n =1 — m, and s € [0, 1],
SUVmaVil + Vnn¥2D/2 = Va1 4 89| 4 [VinaVil = 20Vma¥i] 4 [VinaVa).

Similarly, if p € (1, 2] it follows from (2.2b) with § = 0 and (2.8) that

M .l
A"y > MZ/ sf [1+ [Voott] + [V (u + s —u))(]"
n=1+v0 Q*
(39 X |V (0 — w)P 2" ds.
-2
> M [1+ ullpwrr@ny + 10wy 7 o =00 gy -
Combining (3.8) and (3.9) and noting (2.6a) and (3.2) yields the desired result (3.3).
Similarly, if p € [2, co) from (2.4a) with § = 0, (2.7), and a Holder inequality, we obtain
m 1 )
AWV < CZ/ s/ [1+ 1Vnt] + [V n(u + s(v" —w)|]”
n=1Y0 Qh
(3.10a) X [Vm,,,(vh - u)|2 dQ ds
-2
< C[1+ lullpwrmy + IV lwrr@or ] o= ¥ 1@y

from (2.4b) for any § > 0

m 1 —
ICOES'DY / s1¥ f [ Vanntl] + [V (0 + s @ — w7 77
n=1v0 Qh

X | Vi a " —w) 2 aQt ds
(3.10b)

m
-—2-5
2 MY [ [Tt + Va0 = 0] T w
n=1Y%
- hy2
=Mlu—u ||(p_,8).
Hence the desired result (3.4a) follows, after noting Theorem 2.1.
If u € [WHh°(Q)]" and ”Vh”[wl‘s(gh)]r is uniformly bounded, from (2.4b) with § =
2 —gq,q € [1, 2], and adapting the argument in (3.10a) we obtain that
m 1 _
Ay ey f o f [1+ 1Vyn0] + [Ty + v — )]
n=1v0 Q*
X {Vm,,,(vh —w|?dQ" ds

h
S C”“ -V ”l[lwl.q(ﬂh)]r-

Hence we have the desired result (3.4b). 0



98 W. B. LIU AND JOHN W. BARRETT

COROLLARY 3.1. If k satisfies (A) for a p € (1, 2] and (A1) for a p* € [p, 2] then

+/2
fa — uh|[W’vP(Qh)]' <C [”u - ”hull[wlfr(gh)]r]p
3.11a) ,

<Ch"'? jfue [Wz"’+(s2)]
If k satisfies (B) for a p € [2, 00) and (B2) for a p~ € [2, p] then

2/p~
[u— llh|[w1.p- @y < Cllmaulipwre@iyy) [l — pulliwrr@ny

(3.11b) _ r
< Chz/P l.fll c [W2’p(Q)] ’

and

Gaio W@y = Clu = mulwsean ]

<Ch!" ifue [WH QN W) ,q €ll,2].

Proof. As || - “%q,q—-Z) is equivalent to | - lt[lwlvq(szh)]" q € (1,00), choosing v* = m,u,
8 =p*t—2in(3.3), 8, = p~ — 2 in (3.4), and noting (3.1), one immediately obtains the
above error bounds. |

Remark 3.1. 1t follows from the proof of Theorem 3.1 and its corollary that all the above
results still hold when the function k in the matrices K, (n = 1 — m) is not necessarily the
same but satisfies assumption (A) or (B) for the same p. In addition, one can easily consider
more general problems, i.e., systems generated by a linear combination of such K,,.

Remark 3.2. The best existing results in the literature are those in [6] forr = m = 1,
which correspond to (3.11a) with pt = p and (3.11b) with p~ = p. Therefore we see that
the results (3.11) already improve on these by taking into account the degree of degeneracy in
k for a given p, i.e., the flexibility in the choice of p™ and p~.

In the next section we explore in more detail the abstract error bounds (3.3) and (3.4),
deriving optimal error bounds in many cases.

4. Explicit error bounds. In this section we deduce explicit error bounds from the ab-
stract bounds derived in the previous section. We first consider the simplest case of k satisfying
(A) fora p € (1,2] and (A1) for p™ = 2; thatis, t — k(¢)t is globally Lipschitz on [0, 00),
i.e., k is nondegenerate. A similar result has recently appeared in [7] in the case r = m = 1.

THEOREM 4.1. Let k satisfy (A) for a p € (1,2] and (A1) for p* = 2. Let u and u" be
the unique solutions of (WP) and (WP)". If u € [H*(Q)Y", then

h) 2 2
”“ —u ”[Wl.p(Qh)]r <Ch".

Proof. First we note from a Poincare inequality that if v € [W14(Q")]", g € (1, o), and
vh, wh € V" then

h h h
4.1) |lv—v ”[Wl‘q(gh)]r <||v—w II[Wl‘lI(Qh)]r +|v—V |[Wl,q(Qh)]r.

The desired result then follows directly from (3.11a) and (4.1) withg = p, v = u, v = u”,
and w" = m,u. O

Example 4.1. Let k(t) = (14t2)P~2/2 with p e (1, 2]. Then k satisfies the assumptions
of Theorem 4.1 and u” will converge to u at the optimal rate 4 in [W1?(Q")]", provided
u € [H*(Q)]". This regularity requirement has recently been proven achievable for a class
of functions k, including the above choice, in the case r = m = 1 if Q is convex or C?
and f € L9(R2), q > 2 (see [14]). This error bound is, of course, an improvement over the
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suboptimal error bound, Ch?/2, given in [6] for the case r = m = 1. We note that one can
apply the theory in [12] and [11] to this case and obtain the optimal rate given above under
a stronger regularity assumption on u and if the triangulation is quasi-uniform. However,
Theorem 4.1 can be applied to more general cases such as k(¢) defined by (2.5), where the
theory in [12] and [11] does not apply.

Before we consider improved error bounds for degenerate k, we first make some remarks
about the regularity of solutions in the simplest case (r = m = 1).

Remark 4.1. Consider the case r = m = 1 and k(z) = t?72, p € (1, 00). It has been
proven that u € C1#(Q) fora g > 0if f € L®(RQ) and 922 € C? (see [21]). However, there
do not appear to be any regularity results in the literature which can be used to derive explicit
finite element error bounds. All the results are either first-order or local in character except the
recent results in [14]-[16]. Below we consider some model problems in order to gain some
insight into the regularity of solutions in general.

Example 42. Let k(t) = t?"2,p € (1,00), and r = m = 1. Consider the one-
dimensional version of (WP) with Q = (—1, 1) and u(—1) = u(1) = 0. It is easy to establish
the following results (see [4]).

(4.2a)
pe(1,2) thenfel* Q) =uecH*(Q) and feW'(Q) =uecW(Q),

(4.2b) pe(1,3/2] and feC*(Q)forBel0,1]1=uc C*(Q),
(42c) pe[3/2,2) and feC*(Q) forBel0,2—p)/(p—1]=uecC*¥Q),

(4.24d) pe2,00) and feL®Q)=uecC VP D(Q),

4.20) p € (2,00) and
2e _
( f € C(Q) changes sign only a finite number of times = u € W>!(Q).

By considering the specific case of f = 1, yielding

(4.32) u(z) = (p — DA = [21”"7V)/p,

we see that the results (4.2c—d) are sharp. In addition, we see that

(4.3b) pel3/2.2) = ueWH(Q) ifg<(p—1)/2p—23),

(4.3¢c) p>2=ueW(Q) ifg<(p—1)/(p—-2),

and therefore the sharpness of the second result given in (4.2a) as p — 2 and (4.2e) as p — o0.

We now consider the radially symmetric case with Q = {(r,0) : r < 1} and f(z) =
F(r). Once again the following results are easily established (see [4]). The results
(4.2b—e) still hold and in place of (4.2a) we have that

@.4) pe(1,2) then f e LI(Q)forg >2=>uc H*(Q) and
fewhi(@Q)forg >1=uecW(Q).

By considering the specific example of f = 1 and g = 0, yielding

(4.5a) u(r) = C(1 — rP/P=1y

we see the sharpness of (4.2c—d) once again. However, we see that (4.5a) is such that

(4.5b) pe(1,3/2]= C3(Q) atleast,
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(4.5¢) pe(B/2,2) = uecWHQ) ifs <2(p—1)/2p—23),
(4.5d) p>2=ueW(Q) ifs<2(p—1/(p—2),

and therefore the second result given in (4.4) and (4.2e) may not be sharp. To prove higher-order
global regularity of u for a general two-dimensional domain is very difficult. Nevertheless, it
has been shown in [16] that C%>#(Q) and W37 () regularity, which is required in Theorems
4.2a and 4.2b in the case p € (1,2], can indeed be achieved for a class of k satisfying
assumptions similar to (A) or (B) if 9Q € C?!, f = 0, and, for a restricted class of Dirichlet
data, g (see [16]). We should add that we know of no counterexample to this required regularity
for general smooth data 02, f and g.

We now improve on the error bound (3.11a) when k satisfies (A). As stated earlier, the best
existing error bound in the literature for p € (1,2]andr =m = 1is |lu — u"!l%‘,,,p(m) < Ch?
if u € W>P(Q) (see [6]). Below we prove an optimal rate of convergence, replacing h? by
h? in the above, under a stronger regularity requirement on u. We start with a lemma.

LEMMA 4.1. Letw € [W>Y (D))" with 1 < I, r <2, where D is a bounded open set in
R? with a Lipschitz boundary dD. Then for o € (—1, 0]

(4.6) f |w|%|Vw|? dD < oo.
D

Proof. Let w = (w; ;) and so

1 r 2
Vw2 =" (Gwi /020
i=1 j=1 k=1
It follows that
1 r 2
/ Iwi“|Vw2dD < C Y Y | Jwi1* D (9w ;/dz)? dD.
D i=1 j=1vD k=1

By Green’s formula, with (v;, ;)T the outward unit normal of 3D, we have that, for 1 <i < [
and1 <j<vr,

2

(o + 1)/ |wi j1* Y Bwy;/02)* dD
D

k=1

2
= f sign(wiyj) [Z Vk(aw,',j/azk)il Iwi,jl"“ ds
aD

k=1
. 1
—/ 51gn(w,',j)Aw,~,j|w,~,j|°’+ dD
D

< C”wi,j”g—g)” Wi jllweipy <00 asw;; € WY(D),
where we have noted the imbedding W21 (D) c C (D) and a trace inequality. Hence we have
the desired result (4.6). 0

THEOREM 4.2a. Let k satisfy (A) for a p € (1,2) and (A1) for a p* € [p, 2). Let u and
u” be the unique solutions of (WP) and (WP withm = 1. If

.7 / [Vu|?” 2| H[u]?> dS2 < oo,
Q
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where H[u] = (H[u1], ..., H[u,]) and H{u;] = V(Vu;) (1 < j < r) is the Hessian matrix
of uj, andu € [C*F(Q)] fora B > 0, then

(4.82) Iu = 0 By iy < C [12 4+ h70H2]

Hence ifu € [C*¥7"~1(Q) N WY (Q)T", then
(4.8b) e — u” || jwrrmy < Ch.

Proof. Foru €[W2°(Q)]", we have from (3.1) that forall r; € T" there existsaz") € 7;
such that for all z € 7;

|V(u — mpu)(2)| < Ch|Hu]ED)|.
If in addition u € [C?>#(Q)]", we have that
|V(u — mpu)(z)| < Ch|H[ul(z)| + Ch'™.

Furthermore, it is easy to check that the function g (t) = (a+1)*t*> witha > Oanda € (-1, 0]
is increasing on R and q(|t; + ) < 2[g(|t1]) + q(|&2])] for all #;, 1, € R. Therefore from
(3.3) with 8; = 0 it follows that

u— v gy < C / [Vl + V@ = mw 172 |V - mw) 4
Q
< Ch? / |Va|? 2| H[u]|? dQ" + ChP" (P,
Qh

The desired result (4.8a) then follows from (4.7) and (4.1). The result (4.8b) follows immedi-
ately by noting Lemma 4.1 with « = p* — 2, w = Vu, and hence Vw = H[u]. 0

It is worth noting that the condition (4.7) actually holds in the case r = 1 if f € L*°(<2)
and Q € C2 (see [15] and [21]). Thus, in this case we only require that u € C22/?"~1(Q).
Because it may be difficult in practice to establish that u € [C*#(Q)]’, the following result
may be more useful in some cases.

THEOREM 4.2b. Let k satisfy (A) for a p € (1, 2). Let u and u" be the unique solutions of
(WP) and (WP)" withm = 1. Ifu € [W>P(Q)Y", then

4.9 lu — llh ”[Wl.p(gzh)]r < Ch.

Proof. Given u € [W*P(Q)], we introduce {u®”}2, with u® e [C*(Q)] for all i and
u® — u strongly in [W*P(Q)]" as i — 0o. We have from (3.1) that for all 7; € T" there
exists a zU) (i) € 7, such that for all z € T;

IVa® — mu®)(2)| < Ch|HuV1(z)]
< ChlHu®1@@)| + ChIH?)(z) — Hu®1(2)|,
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where H[u?)] is as defined in Theorem 4.2a. A similar calculation to that in Theorem 4.2a
yields

/ [IVu®] + [V@® = 7,u®) 12V @® — 7u®) P dg"
Qh

< CH? / (Vu®@ P2 | H[u®])? d2"
Qh

(4.10) +ChtP Y f |Hu®1Y) — Hu®1()|” dz
i vy

< Ch? f [Vu@ P2 H[u®]? Q" Ch?P+D f IVH[u?7|? d2"
Qh Qh

; 2
< C(a liwar @y A2,

where we have applied Lemma 4.1 witha = p — 2 and w = Vu®.
Before proceeding further we note the following results. If ¢; (¢) = (|Vu| + £)P=2¢2 and
g2(t) = |Vu® — mu)2(Vu® — m,u®)| 4 £)P~2, then it follows for a, b > 0 that

(4.11a) lg1(@) — q1()] <2(1Vu| +a +b)? " |a — b
and
(4.11b) 1g2(a) — 2| < IV — mu®)|P~ a — b).

From (31b) it follows that |7ThV|[Wl,oo(Qh)]r < ClVI[WLoo(Qh)]r.
From (3.3) with §; = 0 and p* = p, (4.10), and (4.11) it follows that

|Il - “hl%wl,p(gh)]r < C”ll - nhu”%p,O)
< f h[qz(IVu(i)I) +1g2(1Vu]) — g2(IVu®@)) |1 d Q"
Q

+ f lg1(IV(u — muw)]) — g1 (IV® — mu®)|aQ”
Qh

< C([u®|rwar )y )h?
+Cluliwro@y + Qw177 @ — ) gy

Because the right-hand side of the above — C (||ul|jws» @)y )h* asi — oo, the desired result
(4.9) follows after noting (4.1). g

From Example 4.2 we see that the regularity requirement u € [C>%/7"~1(Q) N W3 1(Q)]’
in Theorem 4.2a to guarantee that u” converges to u at the optimal rate 4 in [W1?(Q")]" as
h — 0 (see (4.8b)) is achieved in both the one-dimensional and radially symmetric model
problems for f sufficiently smooth. It is also achieved in some physically relevant cases
discussed in [16] for general k and for general two-dimensional domains as mentioned in
Example 4.2. Whereas (4.3b) suggests that Theorem 4.2b is not generally applicable in one
dimension as this regularity requirement, u € W?>7(Q) is not achieved even on this very
simple problem. However, from (4.5b—) we see that it is applicable to the corresponding
radially symmetric case. If, in addition, we assume that f is piecewise Holder continuous,
then it can be shown that the regularity requirement can be weakened tou € [W2/7"+1.r" (Q))
in order to prove an optimal rate of convergence in [WLP(Q")]". We consider this to be the
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best possible result since it collapses to u € [H?(2)]” for p* = 2. These regularity issues are
addressed in [16].

Remark 4.2. The above results also demonstrate how the regularity requirement on u, in
order to obtain an optimal error bound, increases as the degeneracy in k increases. For example,
letr =1,0Q e C?, with either (i) f € L®(Q) or (ii) f piecewise Holder continuous. Now
either (i) C22/P"~1(Q) or (ii) WP +1.r" (Q) regularity is required on u in order to obtain
(4.8b). Consider for example k(t) = [t*(1 4+ t)1~#1P~2 with p € (1,2] and u € [0, 1].
Then, as previously noted in Example 3.1, we can choose p* = 2 + u(p — 2). Therefore, the
regularity requirement on u increases as the degree of degeneracy in k, |u(p — 2)|, increases.

We now consider the case m = 2. In order to prove an optimal error we need to show
that ||lu — nhullfpho) < Ch?. This is, however, not necessarily true in this case, as can be seen
from the following example.

Example 4.3. Consider the function u(z, z2) = zg , which is a solution of (1.2) for
k(t) =12, p € (1,2] with f € C() and g smooth. It is easy to see in this case that

e = e g) > f 180 = ) 3] 42,
Q

as du/dz; = 0in Q. Thus in general ||u — ”"””%zﬁﬁ) is only order h”" .

However, if the triangulation T" is such that every T € T" has two of its sides parallel
to the z; and z, axes, then one can easily establish that 3(u — m,u)/0z; = 0 and, moreover,
show that ||u — myu ||%p+,0) < Ch?. This restriction is not too severe, since such triangulations
are commonly used in practice.

THEOREM 4.3. Let k satisfy (A) for a p € (1,2) and (Al) for a p* € [p, 2). Let u and u"
be the unique solutions of (WP) and (WP)" with m = 2. Assume that the triangulation T" of
Q" is such that every T € T" has two sides parallel to the z; and z, axes. Ifu € [C*P(Q)]
fora B > 0and

2
(4.12) > / IV20ul” 72| Hp n[u]]? d2 < o0,
=1YQ

where Hy, nu] = (Hpnluil, ..., Hyplurl) and Hm,n[uj] = V(Vm,nuj) (1<j=<randl=
n < m) is the submatrix of Hessian matrix of u; (rows s(n — 1) + 1 to s(n)),
then

(4.133) ”u - uh Il[zwl,p(Qh)]r =< C[h2 + hp+(l+ﬁ)].
Hence ifu € [C2YP"=1(Q) N WY (Q)Y, then
(4.13b) llu — u*|[wrrnyy < Ch.

Proof. Foru € [W>®(Q)]", we have from (3.1) that for all T € T" there exists a
z(n) € 7; such that forall z € 7

(4.14) |Va,n(u = 4) (2)| < Ch|Hy,n[u] 2V ()], n=1-2

To see this let us note that fori = 1 — r, Vo, (u; — mpu;) = 9(u; — wpu;)/9z, has at least
one zero point &, (i) on the side parallel to the z, axis. Noting that d(;r,u;)/0dz, is constant on
7; yields that

VZ,n(ui — mpui)(2) = VZ,nui(Z) - V2,n’/‘i(§n)

and hence the desired result (4.14) follows from the mean value theorem.
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If in addition u € [C*#()]", we have that
|V2,u (0 — m40)(2)| < Ch|H,,[ul(z)| + Ch'T2, n=1-2.

Therefore from (3.3) with §; = 0 and performing a similar calculation as in Theorem 4.2a it
follows that

2
lu— "2y <C Y f 1V200] + V20 (0 = ) 17772V 0 0 = ) 42"
n=1v%

2
<Ccy’ f IV2ul” 2 Hy )P A"+ CRPT D
n=1 v«

The desired result (4.13a) then follows from (4.12). The result (4.13b) follows from (4.13a)
and Lemma 4.1 with @ = p* — 2, w = V, ,u, and hence Vw = H, ,[u]. a

We can also establish the analogue of Theorem 4.2b for this case. However, it is not clear
if the result in [15] can be generalised to this case, that is, if W!t%/7"P"(Q) regularity of u
can guarantee the optimal error bounds in Theorem 4.3. In addition, very little is known about
the regularity of solutions in this case.

Remark 4.3. As previously mentioned, all the proofs and results of §§1-3 hold for higher-
dimensional problems and more general problems in which the k appearingin K,,, n = 1 — m,
(see (1.3c)) may be different but still satisfies Assumptions (A) or (B) for the same p. However,
some of the results in §4 hold only for the two-dimensional case. This is mainly due to Sobolev
embedding and regularity results. It is also worth noting that Vu in (1.3) can be replaced, for
example, by the rate of deformation tensor D(u) (see (1.4)).

Instead of working on a concrete form of K as in (1.3), one could alternatively state some
abstract structural conditions for K. Let us briefly examine the case m = 1. To obtain Theorem
3.1 one needs only the following assumptions on K.

Assumption (AK): There exist constants p € (1,2] and C, M > 0 such that for any
X,y € R2xr

(AK1) [K(x)x — K(y)y| < Clx — y|(Ix| + [yD?72,

(AK2) (K(0)x — K(y)y, x — y) = Mlx — yP(1 + |x] + |y)?~2;
or

Assumption (BK): There exist constants p € [2, 00) and C, M > O such that for any
X,y € R2xr

(BK1) |[K(x)x — K(y)y| < Clx — y|(1 + |x]| + [P,

(BK2) (K(x)x — K(y)y, x —y) = M|x — y*(Ix| + |y})? 2.

Then the rest of work is a matter of proving suitable regularity for the solutions. The system
(1.3) certainly satisfies these conditions in the case m = 1 if k satisfies Assumptions (A) or (B)
(proving this is actually the main task of §3). This formulation includes some non-Uhlenbeck
type systems too. This approach also leads to a compact presentation. It does not, however,
include the system (1.2) as it stands and seems only to cover systems essentially having the
same degenerate nature as that of (1.1). However, it can be adapted to include (1.2), but in our
opinion much more work is needed in order to find good general structural conditions which
cover a broad class of degenerate elliptic systems, i.e., problems which contain a mixture of
the type of nonlinearities in (1.1) and (1.2).

We now examine the case p € [2, 00). From (3.11b) and (4.1) it follows that ||lu —
v || iwir@my < Ch?Pif [u € W2P(2)]", which is the best existing result in the literature (see
[6]). As we have seen, however, u is rarely in [W??(2)]"; see (4.3c) and (4.5d). From (3.11c)
and (4.1) we see that this convergence rate is still maintained if u € [H 2 QN WLo(Q)T, a
much weaker regularity restriction on u and achievable (see (4.4d)). However, the convergence
rate h*/P degenerates as p — 00.
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One can easily improve on this result if k is not degenerate; that is, k satisfies (B) for a
p € [2, 00) and (B2) for p~ = 2. We have the following result.

THEOREM 4.4. Let k satisfy (B) for a p € [2, o0) and (B2) for p~ = 2. Let u and u" be
the unique solutions of (WP) and (WP)". Ifu € [W24(Q) N WL(Q)Y foraq € [1, 2], then

hy 2
la = w1 gnyy < ChY.

Proof. The result follows directly from (3.11c) and (4.1). O

For example, Theorem 4.4 applies to k(1) = (1 + t2)?=2/2 with p € [2, 00). We note
that the results of [12] and [11] under stronger assumptions also apply in this case. We now
consider the degenerate case.

Example 4.4. Letr = m = 1 and k(t) = tP~2, p € (2, 00). Consider the continuous
piecewise linear finite element approximation on a uniform mesh of the one-dimensional
version of (WP) with Q = (—1, 1), u(—1) = u(1) =0, and f = 1. It is easy to establish the
following results:

lu —u" i) < Ch if p>2,
C1h@P=V/P@=D > 1y — e

> Collu — mpullwirgy = C3h®P~D/PP=D if p > (3 4+ /5)/2.

We see from this example that one cannot expect u” to converge to u at the optimal rate h
in the W17 (Q") norm, as can be expected from the restricted regularity of u (see (4.3c)).
We also see how the convergence rate degenerates as p — 00, in agreement with (3.4) and
(3.11b—). However, one might hope to prove that u”* convergences to u at the optimal rate
h in the W1(Q") norm and this can indeed be proven under the restriction | f|™* € L'(RQ)
for a suitable y > 0 by further exploring (3.4b). We do not, however, go into the details
here; see [4] for the case r = m = 1 and k(¢) = tP72, p € (2, 00). The case m = 2 is more
complicated, although some similar results can still be obtained.
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